T]] EPROPOSED NASA YROS110CK ‘1'11S 1’ CRITERIA STANDARD - I°AR’I'1

Harry Himelblau and Dennis 1. Kern
M.S. 125-129
Jet Propul sion Laboratory
California Institute of’ Technology
Pasadena, CA 91109-8099”
(818) 354-8564

Allan G. Picrsol
Piersol Engincering Company
23021 Brenford Strect
Woodland Hills, CA 91364-4830
(818)591-2119

The National Aeronautics and Space Administration has
traditionally lcft the task of specifying design and test criteria to
each of the several NASA Centers. Faced with the wide variety of
resulting criteria used for resolving sSimilar or identical problems,
the NASA Office of Chief ingincer initiated a program to develop
consistent NASA-wide standards if the various NASA Centers
could agrec to a sct of common requirements. Considering the very
wide varicty of approaches used throughout NASA and the
acrospace industry for coping with pyrotechnic shock problems, the
development of a NASA Pyroshock Standard is a formidable task.
This paper attaches the sccond draft of tile Subject Standard, and is
bascd onthe comments received from NASA reviewers and
pyroshock practitioners to the first draft sent to approximately 60
personnel. This draft has been sent to the NASA Engincering
Standards Steering Council for their review and concurrence, prim
to its submittalto the NASA J ingincering Management Council for
their approvaland cventual (distribution.

1.0 INTRODUCTION

Pyrotechnic shock or pyroshock is the transient response of structural elements, components,
assemblies, subsystems and/or systems to loading induced by the ignition of pyrotechnic
(explosive- or propellant-aclivatc[i) devices incorporated into or attached to the structure. For
acrospace applications, pyrotechnic devices are generally used to separate structural  subsystems
(e.g., payloads from launch vchicles), deploy appendages (e.g., solar panels), and/or activate on-
board operational subsystems (e.g., propellant valves) [1-3]. In certain cases, the pyrotechnic
loading may be accompaniced by the relcase of stored energy due to structural preload, or by
impact between structural elements as aresult of tile explosive or propellant activation.

Current spacecraft design often utilizes numerous pyrotechnic devices over the course of a
mission. Many fright hardware failures have been attribute.(i to pyroshock exposure, some
resulting, in catastrophic mission loss [4,5]. Specific examples of pyroshock failures include
cracksand fracture in crystals, ceramics, epoxies, glass cnvelopes, solder joints and wire leads,
seal failurc, migration of contaminating particles, relay and switch chatter and transfer, and




deformationof very small lightweight structural clements, such as microclectronics [0]. On the
other hand, deformation or failure of major structural clements arc rare except in those regions
closc to the source where structural failure is intended.

Pyroshock is often characterized by its high peak acceleration (300-300,000 g), high frequency
content (100 Hz-1M11z) and short duration (Iess than 20 msec), which is largely dependent on
the source type and size or strength, intervening structural path characteristics (including
structural type and configuration, joint s, fastencrs and other discontinuitics) and distance from
the source to the response pointof interest. Becausc of the high frequency content, many
hardware clements and small components arc susceptible to pyroshock failure while resistant to a
variety of lower frequency environments, including random vibration. High frequencics also
make analytical methods and computation] procedures inapplicable for system verification
under pyroshock loading. ‘1'bus, pyroshock verification is almost always accomplished
experimentally [7-9] and pyroshock testing is considered essential to mission success.

Pyrotechnic devices may be divided into two general categories: point sources and line sources
[23]. Typical point sources include explosive bolts, separation nuts, pin pullers and pushers, bolt
and cable cutters, and certain combinations of point sources and pyro-activated operational
hardware (e.g., pyrovalves). Typical line sources include flexible line.ar shaped charges (11.SCs),
mild detonating fuses (M DFEs), explosive transfer lines, and certain commercial ly-available
products intended to fully containexplosive and structural debris during and after separation
(e.g., Super-Zip'I’'M, Sure-Scp’j’M). Pointand line sources may also bc combined: V-band
(Maroon) clamps usc point explosive sources which may then allow the rapid relcasc of stored
strainencrgy from a structural preload acting along aline of contact between two structures
bci ng separated.
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3.0 REQUIREM ENTS
3.1 DEFINITIONS, CONFIGURATIONS AND PRACTICES

3.1.1] lardware ltems and Test Purposes

‘1'here arc four categories of hardware items for which pyroshock tests should be performed,

when appropriate, as follows:

1L A qudification (Qual)or prototype test is performed on a hardware item that will not be
flown, but is manufactured using the same drawing, materials, tooling, processes,
inspection methods, and personnel competency as used for the flight hardware. The purpose
of aQual test isto verify the designintegrity of the flight hardware with a specific margin.




2. Aflightacceptance (17A) test is performed on aflight hardware item, including spare(s),
where the hardware design intcgrity has already been verified by a Qualtest. The purpose
of a 1 ‘A testistodetect workmanship crrors and material defects that may have occurred
during product ion.

3. A protoflight (PF) testis performed on flight hardware when there is no qualification
hardware item available. The purposc of aPF test is the same as that for aQual test, except
(hat a P] * test also satisfics the purpose of a FA (est.

4. A developmentiest may be performed on a hardware installation to ascertain environmental
conditions, oron a hardware itcm to determine its susceptibility to an environment, or to
verify the adequacy of an anaytical model, and/ortocvaluate the effects of various
environmental reduction measures, usually early in a program.

3.1,2. L.cvelsof Assembly

Onc or more of the above tests may be performed on @hardware system and/or assembly. Tests
performed on payloads, spacecraft and large subsystems arc commonly referred to as system-
level tests, whereas those performed on electronic equipment, mechanical devices, components
andsmal i subsystems arc common] y referred to as assembly-lcvc] tests.

3.1.3 Classification of Pyroshock 1 invironments
Pyroshock environments can be broadly divided into three categories: near-fic](i, mid-ficld, and
far-ficld. For mostacrospace installations, the distinction between these three categories is the
magnitude and spectral content of the environment, which depends on tile type and strength of
the pyroshock device, the source/ hardware distance, anti the configurational details of the
intervening structure, which usually has a strong influcnce on the hardware design and/or
sclection. In broad terms, these categorics may be described as follows:

1. Near-fic](i is the region sufficicntly close to a pyrotechnic source where the structural
response is dominated by dircct wave propagation from the source. 1 ‘or very intense
sources, such as most line sources, the ncar-field usualy includes struct ural locations
within 15 cm (6 in.) of the source (unless there are intervening structural discontinuitics,
such asjoints), often causing peak accelerations in e xcess of 5000 g and subst anti a spect ral
content above 100 kl1z. For less intense sources, such as most point sources, the near-fic](i
usually includes locations within3 cm ( 1in.) of the source. In a good acrospace system
design, there should be no pyrosilock-sensitive hardware inthe near-fiel(i, so thatno near -
ficld testing will be required.

2, Mid-ficld is the region at a distance from the pyrotechnic source where the structural
response is cause.(i by a combination of wave propagation and structural resonances. 1 ‘or
very intense sources, the mid-ficld usually includes structural locations between 15 emand
60 cm (2 1) of the source. (unless there are intervening structural discontinuitics), often
causing, peak accelerations between1000 and 5000” gand substantial] spectral content above
10 k11z. For less intense sources, the. mid-ficld may cxtend between 3 cm and 15 cm of the
Source.

3. liar-ficld is the region outside the mid-ficld where the structural response is dominated by
structural resonances, with peak accelerations below 1000 g and most of the spectral
content below 1() kllz.

NOTE: References 7, 8, 10-12 combine the near- and mid-ficlds into onc category, which is

designated as the near-fic(i.

3.1.4 Test Article Opceration

The testarticle may or may not be electrically powered and operational during the pyroshock
event. I‘or assembly-lcvc] testing, power iS sometimes applicd, even when the hardware is
unpowered during the flight event, to detect intermittent failures. For system-level power-on




testing, the operational mode. applicable to the flight pyro eventisoften monitored.

3.2 1NVIRONMENTAL. ANI)‘T'1iSrI"T ARAM 1 {TERS

3.2.1 1 ‘nvironmental 1 descript ions
Although pyroshock may be characterized as a transient force,, strainor velocity [13-16],it is
almost aways described in terms of an acceleration time history and its derived spectrum:

L

&

Instantaneous Acceleration. ¢

The time history or waveform is usually described interms of its absolute pecak value and
its duration. Because vibration and/or electrical mist sometimes occur simultancously with
the pyroshock, the 10% duration, defined as the time between the instant of shock arrival
at the measurement pointand the. instant that the. waveform has decayedto10°% of the
absolute peak value, is sometimes substituted for the total duration | 10]. Tempora
moments may also be used to characterize the. waveform, including the duration| 17]. A
typical acceleration time history is showninFigurel[ 1 ()].

Onc or more of the following spectra may be used to characterize the frequency content of
a transient: Fouricr, “energy”, or shock response (SRS)[ 18]-The SRS is the one most
commonly used for pyroshock environment and test description. I/ the hardware dominant
modal propertics (including damping values) arc known, then the acceleration time history
and/or the SRS may be used to compute the hardware response. 1 lowever, in nearly all
cases, these resonant parameters arc unknown or inadequate.]y estimated, especialy at the
high frequencics normally associated with pyroshock, so natural frequencies are usually
assumed to correspond to /6 octave hand center frequencies over the frequency range of
interest, and a constant quality factor is selected as Q=10, corresponding to a fraction of

criticaldamping of £=-0.05] 10, 19]. 1 n addition, there arc several different categoric.s of
SRS magnitude, including positive, negative, primary, residual , and maximax SRS
[1 8,20,21]. Thelatter SRS envelopes the previous four and is the one. most commonly
used for pyroshock testing. A typical maximax SRS is shown in Figure 2[1()]. The SRS
acceleration isalso called the maximum or peak absolute response. acceleration.
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Figure 2. Typical Pyroshock Maximax Shock Response Spectrum (S1<S)

3.2.2 Maximum Ixpected Flight 1 invironment

All ~~ylc~tccllllic.test conditions should be basedupon the maximum expected flight or service
environment (M EEE), which may be estimated from (@) a transient analysis, (b) anenvelope of
measured flight or ground test data, or (¢) statistical analysis of thesc measured data. The last
alternative is gencrally preferred when there. are threc or more measurements. When  statistical
analysis is sclected, it is common to utilize P95/50 statistics of SRS data, i.e., 1« 95% upper
tolerance limitwith 50% confidence, assuming the SRS database is log-normally distributed
[22]. However, other statistical parameters may be used [23]. Pyroshock environmental
prediction and MEFE determina tion, which are critical 1o the selection of test criteria, arc
described in Appendices A and B, respectively.

3.2,3 Test Margins and Number of Applications

Since a Qual test is not performed onflight hardware, it is possible that a Qual test article would
pass andthe flight hardware fail the same test conditions because of hardware strength
vartability. Thus, for assembly-le vel Qual testing, a magnitude margin is commonly added to the
MEIE to account for this variability. I'urthermore, a fatigue or time-deperndent margin is often
added. in these cases, a uniform 3dB margin is normally added to the MEEFE across the
spectrum, and multiple shock applications arc used for pyroshock Qual testing. When performed,
assembly-lcvc] VA testing is commonly conducted at MEFE conditions with one, shock




application per axis. Assembly-]Jcvcl Pl testing is generally performed at Qual magnitude with
onc application per axis.

System-level testing is usually performed on flight hardware by firing the. flight pyrotechnic
devices, normally after assembly-Ic.ved testing has been completed. For system-level Qualand PF
testing, multiple firings arc usually applicd to account for firing-to-firing variability, whercas for
system-level FA testing, only onc firing is normally used. The test p urpose is to identify
workmanship errors and/or material defects without contributing a significant amount of
additional damage to the hardware prior to flight.

3.3 THST METHODS AND SPECIFICATITONS

3.3.1 Pyroshock Test Rationale

The decisionto perform or omit pyroshock testing should be based on (1) the known ruggedness
or robustness Of the hardware, (2) the relative severity of the pyroshock environment compared
(o lower frequency dynamic environments, such as random vibration, and(3) the range of
dominanthardware resonances relativeto the anticipated spectral content of both lower
frequency and pyroshock environments. For example, the cross-over frequency between random
vibration and pyroshock scveritics may be as low as (a) 100 Hz for near-ficl[i pyroshock, (b) 500
17 for mid-field pyroshock, and (c) 1kH1z for far-field pyroshock [4]. Smal 1 components are
more likely to be susceptible to pyroshock failure in all three categories [6], unless they are
protected from the high frequency environment, ¢.g., by resilient mounts or elements. If there is
a serious question about the hardware susceptibility to pyroshock, then pyroshock testing should
be performed. A pyroshock development test carl y in the flight program should .be useful in
determining hardware susceptibility, and avoiding the programmatic consequences of failure
during Qual, FA, 01’ P} testing later in the program.

3.3.2 Test Methods anti Facilitics

Assembly-icvcl pyroshock testing, may be achieved by using one of the following types of
sources: (@) a pyrotechnic device |1 -3], (b) an impact device comprising, the impactof one
stractural member (€. g., @ hammer) upon another (e. g., a beam, plate, shell, or combinations
thercof)[3,7, 8, 24], or (c) a vibration cxciter or shaker programmed to generate short duration
transicntmotion |3, 24, 25]. As described in Section 1.(), the.rc arc two categories of pyrotechnic
devices: point sources andline sources, Inaddition, there arc a variety of custom or
commercially-available impact devices [7-91. A major advantage of most of the impact devices is
their low operational cost and predictable behavior, which is important in planning their
utilization, but they have a somewhat limited spectral capability. FElectrodynamic and
clectrohydraulic shakers have the advantage of gencral availabilit y, low opcrational cost and
known controllability, but they have limited magnitude, spectraland directional capability [26],
and have mechanical impedence which is significantly higher than that of most acrospace
structures, which often causes dynamic overlest of hardware [27].

A typical assembly-tcvc] pyroshock test of anindividual testarticle may utilize any one of the
above three source types, plus an intervening struct ure whi ch usually does not resemble the flight
structure. Thus, tile simulated shock environment at the testarticle may intentionally be made
more or less severe than flight by using a stronger or weaker shock source (of the variet y
available), by using a lesser or greater distance between the source and the test article, and/or by
changing the. propertics and/or con figuration of the intervening structure (€. @., materials,
thicknesses, anti the inclusion, additionor elimination of joints), al of which can have. a
significant effect on the magnitude, duration, waveform and/or spectral conic.nt of the transient
obtained at the structure-test article interface and on the. article respon sc. In cases where there 1S




insufficient data on the dynamic characteristics (_)f the combined source and intervening structure,
it may be necessary to perform development testing of the test configuration to ascertain that the
desired test environment can be achieved prim to test article installation.

Typical system-level pyroshock tests utilize the flight pyrotechnic device and flightor fiigi]l-like
stiructure between the source and the test article(s). As a consequence, duplication of the flight
shock environment can be reasonably achicved, but a test magnitude margin is generally
unachievable. 1 Jowever, multiple shocks may be applicd toaccountfor firing-to-firing variations.
in cases where multiple pyrodevices arc used during flight, it is common practice. to perform
multiple firings of only the pyro devices gene.rating the wofst-case shock environment. The other
pyro devices arc usually fired onceto verify that they do not generate the most severe shock
conditions for any potentially susceptible hardware.

3.3.3 Test Requirements

3.3.3.1 General Requirements

Pyroshock test requirements vary widely and arc greatly influenced by the magnitude and
spectral content of tile pyroshock environment, which inturnis highly dependent on the distance
from the source to the hardware, as well as the characteristics of the intervening structure. Thus,
pyroshock testrequirements will be provided as a function of source/(cst article distance, namely
ncar-, mid-and far-field as classificdin Section 3.1.3 and specified in Sections  3.3.3.2-3.3.3.4.

Pyroshock tests should be analyzed and controlled, if feasible, using a SRS over a natural
frequency range from alow to a high frequency limit, unless the measured spectral content
shows a somewhat restricted range is adequate. The restricted range may be used if the SRS from
an ambient vi bration environment or clectrical noise floor cquals or exceeds the measured
pyroshock SRS (usually occuring ncar the low frequency limit) and/or the absolute peak
acceleration of the waveform equals or approximates tbc measured pyroshock SRS, called the
zero peri od response acceleration (usually occuring near the high frequency limit). As discussed
in Section 3.2.1, a constant quality factor of Q=1 () is normally utilized. Multiple shocks arc
recommended to account for firing-to-firing variations, as discussedin Section 3.2.3.

3,3.3.2 Neat-l~jclci Tests

As discussed in Section 3.1.3, no pyroshock-sensitive hardware should be located within the
neat-ficl~i. llowever, if this recommendation cannot be followed, near-fic](i testing should be
required. Be.cause of the highaccelerations and high spectral content found in the neat-fic](i, the
lest source and intervening structure is nearly aways restricted to tile actual flight pyrotechnic
device(s) and flight or flight-like configurations, respectively. In these cases, the pyroshock test
requirements should accurately represent the flight environment.. lere, lest margins are often
negligible or minimal unless special measures are taken to increase them, €.g9., by modifying the
structural configuration, and/or by reducing the source-to-hardware distance, or under certain
circumstances by increasing the pyrotechnic charge. Usc of these special measures usually
requirc adevelopment test program. in other cases, such as highintensity assembly-lcvc] tests, a
simple intervening structure which is not flight-like (e.g., a%eam, plate, or shell) may be uscd
bet ween tile pyrotechnic device and the test article [3, 7, 8, 24].

For near-fic](i pyroshock tests, the limits of the SRS natural frequency range should extend from
100 1z orlessto I MHz or more, unless the measured spectral content shows a more restricted
range IS adequate, as described in Section 3.3.3.1. Scrious instrumentation problems are usually
encountered In the near-field, which are discussed in Section 3.3.4.




Inafew specific cases, a high intensity impact device may be substituted for a pyrotechnic
device to achicve the desired peak acceleration i it can be demonstrated that the spectral content
is comparable at high frequencics, e.g., above 100 kHz [6]. The environmental comparison
should be p erformed in all three orthogonal (iii'cction)ys atthe structure/test article interface(s).
Thissubstitution may be required to satisfy safety concerns or facility legal restrictions regarding
the use of explosives, Otherwise, off-site testing shouldbeconsidered.

3.3.3.3 Mid-Ficld Tests

A variety of impact devices aswc]] as explosive devices may be used as a test source, as well as
a variety of intervening structures for the transmission path from source to test article, to achieve
the mi(i-field test conditions classificdin Section 3.1.3. For mid-ficld pyroshock testing, the
limits of the. SRS natural frequency range should extend from 1001 1z or less to 100 ki 17 or more,
unless the measured spectral content shows that a more restricted range is adcquate, as described
inSection 3.3.3.1. A vibration shaker may be able to achicve a shock magnitude that reaches into
the lower portion of the mid-ficld region, but would probably be unable to achicve the desired
mid -field spectral content, since most clectrodynamic shakers arc unable to provide sufficicnt
cxcitation above 5 kllz.

Many impact devices ant] all vibration shakers, together with their intervening  structures, arc
capable of gencrating controlled transient excitation in a single axis. in these cases, testing will
ncarly always need to be repeated in the other two orthogonal axes. FHowever, it should be noted
that the usc of vibration shakers and some impact devices have been criticized for simulaneously
causing under-and over-testing: undertesting due to uniaxial excitation compared to the triaxial
service environment; overtesting due to a massive shaker table. and fixture compared to the
service installation, plus accelerometer control in the case of a shaker, without considering the
lower structural impecdance foundin most instillations. Time issucs have been previously
described for lower frequency sine, transient and random testing [25-27].

3.3.3.4. Far-Ficld Tests

Al i of the source t ypes categorized in Section 3.3.2 plus nearl y all types of” intervening structure
should be usable for far-field testing. The limits of the SRS natural frequency range should
extend from i 00 Hz or less to 10 kllz or more, unless the mcasured spectral content shows thata
more restricted range is adequate. Single axis shock sources and their intervening structure
nearly aways require repeated testing in the other two axes.

3.3.4Data Acquisition

Pyroshock tests are ncarly always instrumented for the purpose of environmental cvaluation
and/or test control. Pyroshock measurements are normall y made with accelerometers despite
some potentially scrious deficiencics. Often in the near-fic.]Jci and scmce.times in the mid- ficld,
improperly sclected accelerometers break, hard bottom, or saturate under pyroshock loading
and/or incorrectly-set signal conditioners may sat urate if accelerometer resonances arc
sufficiently excited [ 1 ()- 12]. If great care iSnot exercised, these nonlincar responses can make the
resulting data invalid over 1be entire spectrum. 11 most cases, accelerometers should be selected
for the anticipated pyroshock environment as well as other conditions, with a higher natural
frequency and a lesser sensitivity usually requiredin the near- and mid-fields| 10-1 2,28]. It has
been rccommended that the data acquisition system be selected or adjusted so that the maximum
anticipated instantaneous signal from the accclerometer is only 1 0% of the system lincar
magnitude capability, thusproviding a “hcad room” of 20dB [29]. Inthe near field, it is
rccommen ded that the accelerometers, and their mounting bl ocks when used, be attached to the
structure with both bolts and special adhesive | 1 0,29]. Inplanc measurements usually require
mounting blocks and often the special installation of accelerometer pairs to alow for the




separation of inplanc and rotational responses. Unless care is exercised in their selection,
accelerometers located on flexible structure. s may crroncously gencrate electricalsignals caused
by base bending [28].

Accelerometer problems can sometimes be avoided by using velocity pickups or, in laboratory
ground tests, by using laser Doppler vibrometers instead of accelerometers, athough these
instruments also have some potentially serious deficiencics [14-16]. Strain gages have also been
promoted as replacements for accelerometers, Since strain transducers have no resonances but
simply respond dynamically withthe structure to which they are attached [1,13]. Unfortunately,
most acrospace structures arce highly non-uniform with large numbers of spatially-varying stress
concentrations, Under these circumstances, even small changes in gage location could cause.
large changes in measured strain data. In addition, at high frequencies and short wavelengths
normally associated with pyroshock, measured strain can also change substantially by a simple
change in gage grid size [28].

Once valid clectical signals are acquired, data analysis is then required to provide the desired
acceleration time. histories and SRSs specified in Section 3.2.1.

3.3.5 Data Analysis

Carc must be taken to ensure that data acquisition errors, such as an inperceptible zero shiftin an
acceleration time. history, do not cause substantial errors in resulting SRS s during subscqu ent
data analysis. Thec Powers-Picrsol procedure is recommended for determining the validity of
pyroshock data, using simple steps as the single and/or double integration of the acceleration
time. history and the comparison of positive and negative SRSs, as showninYigure 2.1 ‘ven the
S1<S computational algorithm may cause an appreciable effect on the resulting spectrum [30-31].
The Smallwood algorithm has been recommended to reduced algorithm-induced variability [32].

3.3.6 Test Conrol Tolerances

Pyroshock tests that utilize pyrotechnic dc.vices have no specific tolerance control. Multiple
shocks arc often applicd to account for firing-to-firing variations, as suggestedin Section 3.2.3.
F'or impact dc.vices, control tolerances arc often a function of the specific device and its
maintenance. When shakers arc used for pyroshock simulation, various tolcrances have
historically been utilized. The tolerances most commonly used in currentacrospace practice arc
specified for the maximax SRS [ 1 9]:

Natural1 ‘requency Tolerance
1, < 3 kllz 16dB
f,, >3kliz +9/-6 dB

At Icast 50% of the SRS magnitudes shall exceed the nominal test specification.

3.3.7 Test Tailoring

Sufficient flexibility is provided in this Standard to satisfy the need for test tailoring in most
cases. l'or example, utilizationof a pyrotechnic device plus flight or flight-like intervening
structure, instcad of a shaker and some simple fixturing and intervening structure, in amid- or
far-field testshould provide the correct driving-point impedance and therefore the appropriate
transient force at the structurc/test article interface(s), which would accomplish the same goal as
force limiting in arandom vibration test [27].
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APPENDIX A
PREDICTION OF PYROSHOCK ENVIRONMENTS

There arc three general ways to predictor estimate the response at various locations on a
structure induced by a pyrotechnic device, as follows: (@) analytical models, (b) direct
measurements, and (¢) extrapolations from previous measure.ments.

A1 ANALYTICAL, MODELS

Various analytical modecls have been developed over the years that are designed to predict, at
lcast crudely, the response of acrospace structures to the transient loads produced by certain
types of pyrotechni ¢ devices. Hydrocodes have recently been used to model, in the time domain,
the dctails of the explosive or propellant ignition and burning process, and nonlinear structural
deformation and separation using Lagrangian and/or Fulerian meshes, as well as the generation
and propagation of structural waves, all of which arc necessary for pyroshock prediction [33-35].
Unfortunately, the implementation of hydrocode analysis usually necessitates high labor and
compuler costs.

Sometimeshydrocode models arc coupled with finite clement method (FEM) or statistical
cnergy anal ySis (SHA) models to transfer the pyroshock energy into the mid- and far-ficlds.
1 lowever, most 11{M models arc restricted to frequency ranges that arc too low to be useful for
pyroshock response predictions, Or sospatially limited that only simple structural configurations
can be accurately modeled. On the other hand, SEA was developed to predict mid frequency
vibroacoustic response, modeling the structure in terms of modal groups using spatial and
spectra] averaging. These models have been extended to predict high frequency pyroshock
response. [36-45]. Thus, SEA isbctler suited for high frequency pyroshock prediction, sine.c.
structural modal density (i.e., the number of structural modes per unit bandwidth) needed for
spectral averaging is roughly proportional to frequency. Infact, the sparsity or absence of low
frequency modes limits S1 ‘A applications to mid and high frequencies only. Because SHA uses
spatialand spectra] averaging, it cannot be used to predict pyroshock response at specific
locations or frequencices.

At this time, there is very limited experience to assess or recommend the usc of such models.
However, if an analytical modcl is available or has been formulated and checked against
pyroshock measurements in the laboratory on specific structures with pyrotechnic, devices of
interest, and has been found to produce reasonably accurate results, then that model can be used
to make prelim-inary pyroshock predictions. However, all such predictions should be verified
and updated as soon as actual pyroshock data become avail able.




A2 DIRECT MEASUREMENTS

in many cases, direct mcasurements canbemade of the. responses at critical locations on the
spacecraft structure induced by pyrotechnic devices, either in flight or in the laboratory. in cither
case, the mcasurcments should bc acquired and analyzed in accordance with the recommended
practices detailedin[1()-1 2].

A.2.1 Mcasurements on the Vehicle in 1 iight

For some spacecraft, more than one assembly are manufactured because the same spacecrafl
design will be used for more than one flight. in this case, measurements may bc made on the
first flight of that design to establish the response of the structure at critical locations ducto ail
{light pyrotechnic events. The advantage of this approach is that it provides the most accurate
pyroshock predictions for later flights of that design. The primary disadvantages are (a) the
procedure applics only to updating predictions after the first flight and, hence, cannot be used to
cstablish initial test requirements for the spacecraft or its components, and (b) flight pyroshock
measurements arc cxpensive to acquire.

Pyrodevices are usually dc.signed or sclected to generate more than enough source energy to
cause structural separation. The excess energy normally causes a shock or blast wave in the
atmosphere or vacuum adjacent to the structure, with the wave magnitude increasing with cxccss
energy and static pressure. 1 Towever, for sSmith amounts of excess energy, the separation process
usually controls the pyroshock environment.

A.2.2 Mecasurements on the Vehicle in the Laboratory Prior to Flight

Certain typess of pyrotechnic devices can be activated and replaced without doing permanent
damage to the space.craf( or its structurc, e.g., or(illancc-activated valves, In this case,
mecasurements may be made, on the vehiclein the. laboratory prior to flight to establish the
response of the structure at critical locations duc 10 the activation of these devices.  The
advantage of this approach is that it can provide a reasonably accurate pyroshock prediction for
that specific spacecraft during flight. The primary disadvantages arc (a) the procedure alows the
determination of the pyroshock environmentduc only to a limited number of pyrotechnic
devices, and (b) it may bc expensive to replace the activated pyrotechnic devices and recondition
the spacecraft for flight.

If the pyro device gencrates enough energy to cause an cxcessive atmospheric shock wave during
the laboratory test compared to flight conditions and if this wave is notdiverted away from the
structure, thenan over-prediction of the flight pyroshock environmentmay result.

A.2.3 Mcasurements on a Prototype Vehicle in the Laboratory

Some spacccrafl programs involve the manufacture of a prototype of the spacecraft design that is
usced for various laboratory tests, including shock and vibration tests, prior to the. launch of a
flight assembly. Because the activation of pyrotechnic devices sometimes alter the spacecraft
struct ure, pyroshock measurements on protot ypcs arc usually made after all other tests arc
complete.  The advantages of a prototype lest are (8) it can provide arcasonably accurate
pyroshock prediction prior (o the flight of all spacecraft of te1at design, (b) the prediction is
achicved without jecopardizing the strut.tuml integrity of the flight article, (€) no reconditioning of
flight hardware is required, and (d) the operability of pyroshock devices and structural separation
can bc demonstrated following chvironmental exposure. The primary disadvantage is that the
program must provide for the manufacturc of a prototype vchicle that wil 1 bc available for
pyroshock testing. The problem of an excessive atmospheric shock wave is the same as that
discussed in Section A.2.2.




A.2.4 Mcasurcments on a Dynamically Similar Structurc in the |aboratory

If a spacecraft program docs not involve the manufacture of a prototype, it may still allow the
construction of a dynamically similar mode] of atlcast those. subassemblics that incorporate
pyrotechnic devices,or such a dynamically sirnilar model might be available from a previous
spacecraft program, e.g., [24]. Thcadvantages of atestusing a dynamically similar mode] arc
(a) it may provide moderately accurate predictions of pyroshock environments, depending on
how close.]ly thc mode] dynamically represents the spacecraftof interest, (b) the prediction is
achicved without jeopardizing the structural integrity of the flight article, and (c) no
reconditioning of flight hardwareisrequired. The primary disadvantage is that the program must
provide for the manufacture of a dynamically similar modcl, or an appropriate model must be
avail able from a previous program. The problemof an excessive atmospheric shock wave is the
same as that discussed in Section A.2.2.

A3 LXTRAPOILATIONS FROM PREXVIOUS MEASUREMENTS

A vastamount of pyroshock data has been acquired and analyzcd over the ycars for many space-
craft programs, both in the laboratory andin flight, c.g., [46,47]. Fven though the chits may have
been acquired for totally different spacecraft designs and different pyrotechnic devices, at least
crude cstimates for the pyroshock environment to be expected on ancw spacecraft design canbe
determined by extrapolations from mecasurements on a previous space.crafl of different design,
common | y referred to ast he reference spacecraft. Of course, tile closer the design details of the
new and reference spacecraft, tile more accurate tile extrapolations.  Also, the most accurate
cXt rape] at ionsareprovided when the p yroshocks on t he new and reference spacecraftare caused
by the same typcof pyrotechnic device.

Fxtrapolation procedures for pyroshock environments general i y involve t wo primary scaling
operations, namely, (a) scaling for the total energy rclcased by the pyrotechnic device[1], and
(b) scaling for the distance and structural configuration between the pyrotechnic energy source
and the response. location of intc.rest. Sometime.s scaling for the surface weight density of the
structure is also employed, but such extrapolations usually are not effective because the intense
compressive waves generated by pyroshocks are not strongly influenced by surface weight
density. Based upon procedures in [46-48], the following scaling rules for source encrgy and
distance from the source arc recommended.

A.3.1 Source }inergy Scaling

1 ctting V¥ and I, denote the total energy released by tile pyrotechnic device on the reference and
new spacccrafl, respectively, the shockresponse spectrum at al frequencies is scaled from the
reference to the new vehicle by

SRS (ID,) = SRS (1), (A

where SRS, and SRS,; arc the shock response spectra for the reference and new spacecraft,
respectivel y, at the same distance 11 from the pyrotechnic source. Caution should be exercised
in the utilization of Lig. (A. 1) sine.c, inmany cases, ancxcess of source energy beyond that
reguired to cause structural separation will notincrease the shock transmission, butinstcad will
generate an increased shock or blast wave. that willbe t ransmit ted into the atmosphere or vacuum
adjacent to the stru cture. Thisexcess energy may notbe as effectivein generating structural
response. Thus, when 1y >1i,, the application of 1. (A. 1) may cause an over-prediction of the
pyroshock environment. Similarly, anunder-prediction may result when 1, <11,.




A.3.2 Source to Response Location Distance Scaling

A number of empirically derived scaling relationships to correct the magnitude of pyroshock
cnvironments for distance from a pyrotechnic source to aresponse location of interest have been
proposcd over the years [46-48]. One set of scaling curves for typical pyroshocks propagating
through various types of structure, as developedin [46], is summarized in Figure A.1. Note the
results in Figure A.Tapply to the peak value of the pyroshock response.

Another scaling relationship developed in [48] for the shock response spectrum produced by
point sources on complex structures is given by

~- 0105
SRS(D,) = SRS ) Cxp{[ 2x 10-s fn( " q 1).- D, 1} (A.2)
where 13, and D arc the distances from the pyrotechnic source to the reference and ncw
locations, respectivel y, on the spacecraft, and SRS(131) and SRS(D);) arc the shock response
spectra for the responses at the reference and new locations, respectivel y. Since Eq. (A .2)
predicts an SRS, the results arc a function of the SRS natural frequency. Plots of 1iq. (A.2) for
various vaues of AD =1, -1> jare showninFigure A.2.
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It is important to note that Eq. (A.2) wasderived from pyroshock data produced by a point
source on complex st ructure at sca level | and may not be representati ve of other sources and
structuresin space, as discussedin Sections A.2.1and A.2.2. Other source scaling rules may be
developed from data for sources and structures more like those associated with a specific
spacecraft, which may be substituted for the resultsin 1 figures A. 1 and A.2 [49].

As a final point concerning the attenuation of pyroshocks with distance, there is usually a
substantial reduction in pyroshock magnitudesducto transmission across structural joints.
Specifically, [46] suggests thatthe attenuation due to structural joints ranges from 20 to75%,
depending on thet ypc of jointand the manner in which it changes the shock transmission path.
Other data for joint attenuation that might be available from prior experience should beused, as
appropriate.
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Figure A.2. Correction of Shock Response Spectrum for 1)istance from Pyrotechnic Source.




APPENDIX B
DETERMINATION OF MAXIMUMEXPECTED FI1,1(; HT ENVIRONMENT

The prediction procedures detailed in Appendix A generally yield the SRS at individual points
on the structure thatdo not necessarily correspond to all the. points of interest in the formulation
of pyroshock test criteria. T‘urthermore, the predictions may be. based upon estimated or
measured pyroshocks that do not reflect the potential variations in the pyroshock environments
produced by different pyrotechnic devices of the. same type. 1 lence, it iSnecessary to convert the
predicted pyroshock magnitudes into asingle SRS, referred to as the “maximum expected flight
environment”, that will account for point-to-point (spatial) and event-to-event variations. The
computation of the maximum expected flight environment involves two steps, (a) the division of
the predictions for a specific pyrotechnic event into groups with similar SRS values, referred to
as"z.ones", and (b) the. selection of a conservative upper bound on the SRS values in each zone,
referred to asa"zone limit”, which constitutes the maximum cexpected flight environment for that
zonc duc to that specific pyrotechnic event.

B.1 DETERMINATION OF ZONES

The SRS magnitudes for the structural response.s duc to asingle pyrotechnic event typically vary
widely from onc location to another, particul arly as the number of joints and/or the distance from
the. p yrotechnic source increases. The goal in zoning is to divide the spacecraft structure into
regions or zones such that the responses at all points within each zoneducto asingle pyrotechnic
event arc rcasonably homogeneous, meaning the SRS magnitudes for the responscs at all points
within cach zonc can be described by a single SRS that will exceed most or all of the SRS
magnitudes at the individual points without scverely exceeding the SRS magnitude at any one
point. It is also required that the selected zones corrc.spend to structural regions of interest in the
formulation of test criteria, e.g., a single zonc should include al the attachment points for a
single component, and preferably for several components, that must be tested for the pyroshock
cnvironment.

Thezoning operation is usually accomplished based upon engincering judgment, expericence,
and/or a cursory evaluation Of predicted SRSmagnitudes. 101 example,engincering judgment
dictates that frame structures and skin panels should represent different zoncs, since. the response
of skin pancls will generally be higher than the imuch heavier frames. Also, experience suggests
that the. structural regionsin the near-field and far-ficld of the pyrotechnic source have widely
different SRSs and should represent different zones. Beyond such engineering considerations, a
visual inspection of the SRS magnitudes for the predicted pyroshocks canbe used to group
locations with SRSs of similar magnitudes to arrive at appropriate. zoncs.

It is assumed that the available SRSs for a given zone arc predicted at locations that arc
representative of all points of interestin that zone. Ideally, this would be achieved by a random
selection from all possible. response points within the zonc. in practice, a random selection
usual 1y isnot feasible since the predictions arc commonly made before the zones arc selected; in
fact, the spcctra for the predicted responses arc often used to establish the zones, as discussed
above. In some cases, however, the predictions may be made at those points where a component
of interest is mounted. This would constitute a good selection of response points, even though
such mounting points might not be representative of all points within the zone. Inany case, it is
important to assess the locations represented by the available predicted pyroshocks to assure that
they arc typical of all points of interest in the zinc.




B.2 (X) MPUI’ATION OF ZONE LIMITS

A conservative limitfor the predictions at various points withina zone may be determined using
any one of several procedures[23], but the procedure recommended here is to compote a normal
tolerance limit that covers the SRS magnitudes for atlcast 95% of the locations in the zone with
a confidence coefficient of 50%, referred 10 as the 1'95/50 limit [22]. Specificall y, givenn
measurements of arandom variable X, anupper tolerance limit is defined as that value of x
(denoted by 1 .X) that will exceed at least 3 fraction of all values of x with a confidence coefficient
of . The fraction 3 represents the minimum probabilit y that a randomly selected value of X wi 1l
be less than 1.4; the confidence cocfficienty canbe interpreted as the. probability that 1., will
indecd exceed at least 3 fraction of all valucsof X. Tolerance limits arc commonly expressed in
terms of the ratio, ( 10()~)/(1 00y), e.g., the P95/50 normaltolerance limitrepresents 3 = ().95 and
‘y=0.50. in the context of pyroshock predictions, X represents the SRS valuc at a specific
frequency for the response of the. spacecraft structure at arandomly selected point within a given
ronc, where x differs from point-to-point. Within the zonc duetothespatial variability of the
response. lHowever,x may aiso differ dueto other factors, such as variations from onc
pyroshock to another produced by the same type of pyrotechnic dc.vice. in selecting a sample of
predicted SRS magnitudes to compute a tolerance limit, beyond the SRS val ues at different
locations within a zone, itis wise to include SRS magnitudes from different spacecraft of the
same design, if feasible, so that sources of variability duc to locationand firing-to-firing arc
represented inthe measured or predicted SRS values.

Tolerance limits are most easily computed when the random variable is "normally distributed”.
The point-to-point (spatial) variation of the pyrotechnic-induced responses of spacecraft
structures is gencrally not normally distributed, but there is empirical evidence that the logarithm
of the responses from pyroshock as well as random vibration docs have an approximately normal
distribution[23]. Henee, by simply making the logarithmic transformation

y = logjox (B.1)

where x is the SRS magnitude at a specific natural frequency of the response within a zone, the
transformed variable y can be assume.d to have a normal (i stribut 10N. For 11 sample values of y, a
normal tolerance limitis give.n by

vt ke B.
Ly=y ks B.2)

where “y is the sample average. andsy is the sample standard dcviation of the n transformed
spectral values computed as follows:

- 1 ] 0 B.3)
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The term Kk in Eq. (13.2) is called the normal tolerance factor, and is a tabulated value; a
tabulationof k for p = 0.95 andy = ().50 is presentedin ‘1'able B. 1, which is taken directly from
[22]. The normal tolerance limit for the transformed variable y is converted back to the original
engine.c.ring units of x by

1. (13.4)
L o=10"




To simplify test criteria_normal tolcrance limits arc often smoothed using two straight lines
scgments, as found in[7,8].

‘1'able BB.1. Tolerance Factors for P95/50 Normal Tolerance 1.imit

n 3 4 5 0 8 10 15 20 30 50 oo
k 194 | 183 | 178 | 175 172 | t.7(l 168 | 167 | 1.66 | 165 | 1.64
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